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Abstract

In this work, the MH2PO4-type solid acids (where M= Cs, K, Rb) structure and
properties are studied and their contribution towards fuel cell industry is understood. Some
research groups have shown that, CsH2PO4 (CDP) and RbH2PO4 (RDP) shows sudden, several
order of magnitude jumps in their proton conductivity at certain high temperatures.(31, 32) This so
called superprotonic behavior of these compounds makes them a fuel cell electrolyte at elevated
temperatures.

(33)

Most of the research groups working on two possible causes to get the reliable

information for the high proton conductivity: polymorphic phase transition (Botez et al.,) and
thermal dehydration (Ortiz et al.,)

(1, 34)

. We have used synchrotron x-ray diffraction to clear the

doubts on the structure and chemical changes undergone by polycrystalline KH2PO4 (KDP) upon
heating within 30oC-250oC. The data shows a polymorphic phase transition at 190oC from the
room temperature tetragonal phase to intermediate temperature monoclinic phase. The newly
formed monoclinic KDP phase is isomorphic to monoclinic phases of CDP

(35)

and RDP

(36)

at

room temperature and intermediate temperature respectively. But, on further heating under high
pressure the later ones are showing a phase transition to a stable cubic phase whereas KDP is not
showing any major structural changes even under ambient and high pressure conditions. The
purpose of this work is to support the idea that the smaller ion size of K plays a major role in the
absence of superprotonic behavior of KDP.
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Chapter 1: Introduction

1.1

Introduction
The ferroelectric and solid acid compounds CsH2PO4 and RbH2PO4 have shown a sudden

change in their proton conductivity at high temperature. This “superprotonic” behavior made
them a better future fuel cell electrolytes at high temperatures.(1) This special characteristic
attracted many research groups seeking knowledge about the microscopic mechanism
responsible for the enhanced protonic conductivity.(2) Studies have shown that the proton
conduction mechanism in these fully hydrogen bonded compounds must, in principle, be
different from those responsible for the high proton conductivity exhibited by their half hydrogen
bonded counterparts such as KH2PO4, NaH2PO4, and LiH2PO4. A detailed knowledge of crystal
structure and the chemical process of these materials at the superprotonic transition temperature
are needed to get reliable information on proton migration in these materials. Most of the
research groups are working on two possible reasons for the high proton conductivity:
polymorphic phase transition and thermal dehydration

(1, 34)

. The purpose of this work is to

support the idea of polymorphic phase transition and the idea that the smaller ion size of K plays
a major role in the absence of superprotonic behavior in KDP.
1.2

About solid acids
KH2PO4 (KDP) family crystals are very popular for theoretical and experimental studies

because of their physical properties, the wide possibilities for isomorphic replacement of atoms,
and easy growing of high quality crystals. In these crystals, the O-H---O hydrogen bonds, and
connecting PO4 groups are quite strong and do not show a noticeable change with temperature. (4)

1

Slater proposed the first microscopic model of phase transition in KH2PO4 type
ferroelectrics.(3) The major structural changes in the KH2PO4 family ferroelectrics at the phase
transition are related to the rotation of the PO4 tetrahedra and the shift of K and P atoms along
the c-axis in the opposite direction. The PO4 groups do not deform, and the hydrogen bond length
practically does not change.
CsH2PO4 (CDP) crystals are first synthesized by Berg in 1901. In 1927 Hendricks
established the CDP crystals as being optically biaxial. Seidi (1950) observed that CDP is
ferroelectric below 159 K.

(4)

CDP is an acid salt, have properties between those of normal salts

and normal acids. CDP monocrystals crystals are prepared from H3PO4 (acid) and Cs2CO3 (salt).
These crystals are brittle and insulating like salts and also have structural acid protons such as
Bronsted-Lowry acid. These structural acid protons give CDP its most interesting properties
including ferroelectricity and superprotonic conductivity.
RbH2PO4 (RDP) crystals are closely related to CDP. In 1945 Baertschi et al. observed the
ferroelectric phase transition in tetragonal RbH2PO4 (RDP).
1.3

Early Research
The first research on solid acids was conducted mostly on their ferroelectric and other

low temperature properties (< -150°C) such as piezoelectric, electro-optical, and non-linear
optical properties.(2) It was not until the 1980s that their high temperature behavior (> 100°C)
began to receive attention; behaviors such as a superprotonic phase transition in which, upon
heating, the proton conductivity increased 1000-fold.(3,4) Due to solid acids solubility in water
however, they were not considered to be applicable as electrolytes in fuel cells. Later research
however, has shown that solid acids can be a realistic electrolyte simply by using them on fuel
cells that operate above the boiling point of water.(5)
2

For many years, researchers have speculated whether the high temperature phenomenon
exhibited by the KH2PO4 crystal is due to high temperature phase transitions (HTPT) or thermal
decompositions. Various proton models have been proposed to explain the electrical conductivity
in the region below and above phase transition temperature (Tp) and mechanism of HTPT. (6)
Imry, Pelah, and Wiener proposed the single particle approximation model, one which predicts
that an additional phase transition at Tp where the force constant of the O-O bond tends to zero at
the phase transition. This research group successfully explained electrical conductivity below Tp
and the mechanism of HTPT. Recently, another research group led by Choi and Chung reported
that the conductivity near 190oc is due to chemical decomposition. They started heating a fresh
sample at 190oc and found that KDP conduction increased rapidly. After heating for extra time,
the conductivity decreased slowly with the progress of dehydration. Kwang-Sei Lee concluded
that the thermal dehydration takes place at T > Tp

n KH2PO4 (S)

KnH2PO3n+1 (S) + (n-1) H2O (V)

n>1

where, n

number of molecules participating in the thermal decomposition

S and V

solid and vapour states, respectively.

Park et al., and Ortiz et al. supported Lee’s proposal that the high temperature phenomenon is
due to thermal decomposition rather than phase transitions. Others, like Botez et al.,
Brownowska et al., Baranov et al., and Boysen et al. agree that the increased proton conductivity
is due to a polymorphic phase transition, but there are still controversies about the existence of
structural phase transition and thermal decomposition of KH2PO4.

3

Chapter 2: Solid Acids

Researchers generally have believed that the fate of the fuel cell industry would be
determined by the development of some completely new chemistry. While some people were
worrying about the present design’s difficulties, a fundamental new design has appeared: the
solid acid fuel cell. Solid acids chemistry and properties lie between those of a normal acid and a
normal salt. These inorganic proton conductors characteristically consist of oxy anions. The
general representation for solid acids is in the form of MaHb (XO4)c, where (17)
M

Monovalent or divalent cation

XO4

Tetrahedral or oxy-anion

a, b, c

Integers

The presence of superprotonic conductivity in the fully hydrogen bonded solid acids,
such as RbH2PO4 and CsH2PO4, is investigated and demonstrated through the use of pressure,
whereas in chemically analogous compounds with smaller cations, for example KH2PO4 and
NaH2PO4, superprotonic conductivity was notably absent. Ionic size plays a key role in the
presence of superprotonic behavior in solid acids; equally important are the effects of ionic and
hydrogen bonding.(5) The breakthrough of low temperature (< 120 K) conduct in solid acid
KH2PO4 has started the systematic investigation of solid acids. Numerous applications are based
on low temperature properties such as piezoelectric, ferroelectric, electro-optical, and non-linear
optical properties of the materials. At room temperature, solid acids exhibit an ordered
arrangement of hydrogen bonds. As temperature increases they become structurally disordered.
For instance, proton conductivity increases abruptly during CsHSO4 transformation from

4

monoclinic to tetragonal at 1410c. This characteristic property of solid acids makes them an
appropriate catalyst for fuel cells.
2.1

Structure
The basic structure contains hydrogen-bonded tetrahedral oxy anions and a lattice of

cations with an equal charge. Atomic bonding, coordination and, order-disorder are the three
essential topics that describe the structure of solid acids. Table 1.1 provides the list of all possible
cations and tetrahedral oxy anions which compile solid acids. (18)
Table 1.1 Solid acid cations (M+1,2) and tetrahedral oxy-anions (XO4_2,3,4)
Cations

Tetrahedral oxyanions

M+

Li+, Na+, K+, Tl+,
Rb+, NH4+, Vo+, Cs+

XO4-2

SO4-2, SeO4-2, CrO4-2,
TeO4-2, MoO4-2

M+2

Be+2, Mg+2, Ca+2,
Sr+2, Pb+2, Ba+2

XO4-3

PO4-3, AsO4-3, VO4-3,
NbO4-3, MnO4-3, SbO4-3

XO4-4

SiO4-4, GeO4-4

Electrostatic bonding, particularly the ionic bond, plays a dominant role in solid acids
structure, while Van der Waals interaction plays a minor role. The hydrogen bond, regardless of
its weak bond interaction, plays a significant role in determining the structure and properties of
solid acids. In this particular case of solid acids, hydrogen bond is between two oxygen atoms:
proton donor oxygen atom (Od) and proton acceptor oxygen atom (Oa). In proton donor oxygen
atoms, the proton lies within the electron density of oxygen atom and the hydrogen bond appears
as a covalent bond. The proton acceptor oxygen atom (Oa) is hydrogen bonded to Od via largely

5

ionic forces. Hydrogen bond strength increases as the bond character changes from ionic to
covalent.
At high temperatures, thermal oscillations can allow the hydrogen atom to overcome the
potential barrier between the minima in the double wall potential, partially occupying each
position; this is known as hydrogen bond disorder. Order-disorder plays a key role in
determining the properties of the solid acids. The classification of order-disorder follows as
Static
Structural
Order-disorder

Dynamic
Chemical

Dynamic disorder is the most important feature for the current investigations on solid
acids properties, such as ferroelectricity and superprotonic conductivity. The list of dynamic
disorders in solid acids follows as
1. Intra-hydrogen bond disorder
2. Inter-hydrogen bond disorder
3. Oxy-anion disorder
Among these three, the first is responsible for ferroelectricity, and the second and third
are responsible for superprotonic behavior. (17)

6

2.2

Properties
Solid acids exhibit high superprotonic conductivity. To date, researchers have shown that

the solid-solid, order-disorder phase transitions are the reasons for superprotonic conductors.
Generally, a phase transition is a transformation of thermodynamic system from one phase to
another. In superprotonic phase transitions, protonic conductivity suddenly jumps to several
higher order magnitudes in the range of 10-2 Ω-1cm-1. These solid-solid, order-disorder transitions
have a latent heat associated with them, and, therefore, are first order in nature. A few good and
bad things about solid acids are (19)
Good

Bad

1. H+ transport only

1. Known compounds are water soluble

-

No electro-osmotic drag

2. Few are chemically stable

-

No electron transport

-

Alcohol impermeable

2. Humidity insensitive conductivity
3. Stable to ~ 250oC
4. Inexpensive
5. Chemically non-aggressive
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Chapter 3: Fuel Cells

Fuel cell is an electro-chemical energy conversion device which converts the chemicals
hydrogen and oxygen into water, and in the process it produces electricity. (20)
3.1

Basic Design of Fuel Cells
The basic fuel cell structure consists of an electrolyte sandwiched between two electrodes

(the anode and the cathode). Illustration 3.1 shows the principle of fuel cell operation. Each
electrode contains a catalyst to empower the electro-chemical reaction to take place.
At the anode,
H2 (g) → 2H+ + 2eAt the cathode,
2H+ + ½ o2 +2e- → H2o (g) (21)
The ions are transferred from the anode to the cathode via the electrolyte, and the
electrons are moved via an external circuit. (7)
H2 (g) + ½ o2 → H2o (g) + dc electricity + heat

8

Illustration 3.1: Fuel Cell

3.2

Types of Fuel Cell
There are several different types of fuel cells, each using a different chemistry. Fuel cells

are usually classified by their operating temperature and the type of electrolyte they use. Some
types of fuel cells work well for use in stationary power generation plants. Others may be useful
in small portable applications or in car powering. The most common ones are listed below in
ascending order of their operating temperature.
1) Proton Exchange Membrane Fuel Cell (PEMFC)
2) Direct Methanol Fuel Cell (DMFC)
3) Alkaline Fuel Cell (AFC)
4) Phosphoric Acid Fuel Cell (PAFC)
5) Molten Carbonate Fuel Cell (MCFC)
6) Solid Oxide Fuel Cell (SOFC)

9

3.2.1 Proton Exchange Membrane Fuel Cell (PEMFC)
PEMFC electrolyte is a thin and permeable polemeric membrane. In order to catalyze the
reaction platinum electrodes are used on either side of the membrane.
In the cell, hydrogen molecules come to the anode and splits into hydrogen protons and
electrons. The proton reach the cathode via the polymeric membrane while the electrons moves
around the external circuit in order to produce electrons. Oxygen (in the form of air) is supplied
to the cathode and reacts with the hydrogen ions produces water.

Illustration 3.2: PEM Fuel Cell
The operating temperature is 80oc. The efficiency usually lies between 40-60 %. Typical
electrical power is up to 250 KW.(8) These cells are compact and light weighted units. All these
characteristics makes PEM units the best candidates for cars, buildings and smaller stationary
applications. The solid electrolyte makes easy of sealing the anode and cathode gases and this in
turn makes the unit cheaper to manufacturer. Solid electrolyte shows long and stack life as it is
less inclined to corrotion than some other electrolyte materials.
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One disadvantage of PEM fuel cells such is reduced performance at low temperature,
furthermore, platinum catalysts are expensive, and in order to achieve most effective operation of
the unit, the electrolyte must be saturated with water. Control of anode and cathode moisture
streams therefore becomes an important consideration.
3.2.2 Direct Methanol Fuel Cell (DMFC)
In this cell, the liquid methanol (CH3OH) is oxidized and generates carbon dioxide
(CO2) at the anode, hydrogen, and electrons that travel through the external circuit. The
hydrogen ions travel through the electrolyte and react with oxygen from the air and with
electrons from the external circuit to form water at the anode completing the circuit.(9)
At anode:

CH3OH + H2O → CO2 + 6H+ + 6e-

At cathode:

3/2 O2 + 6H+ + 6e- → 3 H2O

Overall Cell Reaction:

CH3OH + 3/2 O2 → CO2 + 2H2O

The efficiency is about 40%. The operating temperature ranges from 500 C to 1200 C.
This low temperature and no requirement for a fuel refiner make the DMFC an excellent
candidate for very small to mid-sized application. One drawback is the larger quantity of
expensive platinum catalyst required for low-temperature oxidation of methanol to hydrogen
ions and carbon dioxide.(9)
3.2.3 Alkaline Fuel Cell (AFC)
The electrolyte in AFC is an aqueous solution of potassium hydroxide (KOH). The
charge carrier hydroxyl ion (OH-) migrates from the cathode to the anode where it reacts with

11

hydrogen to produce water and electrons. Water formed at the anode comes back to the cathode
to produce hydroxyl ions.
At anode:
At cathode:
Overall cell Reaction:

2 H2 + 4 OH- => 4 H2O + 4 eO2 + 2 H2O + 4 e- => 4 OH2 H2 + O2 => 2 H2O

Illustration 3.3: Alkaline Fuel Cell

The operating temperature ranges between 650 C and 2200 C. The efficieny is about 70%.
AFCs are the cheapest fuel cells to manufacture because they can use various inexpensive
catalyst materials. The disadvantage of this fuel cell type is that it is easily poisoned by carbon
dioxide. Therefore AFCs are limited to closed environments, such as space and undersea
vehicles, and must be run on pure hydrogen and oxygen. (11)

12

3.2.4 Phosphoric Acid Fuel Cell (PAFC)
In 1961, G.V. Elmore and H.A. Tanner first came up with the idea of using phosphoric
acid as an electrolyte in fuel cells. PAFC is one of the high temperature fuel cells which operate
at temperature of up to 200oC and use concentrated phosphoric acid as the elctrolyte.(10) The
electrolyte acts as a medium for the positively charged hydrogen ions which migrate from anode
to cathode. Electrons generated at the anode move to the cathode through an external circuit by
producing electric power. Platinum(Pt) is used as a catalyst to speed up reactions. (7)
4H+ + 4e-

At anode:

2H2

At cathode:

O2 (g) + 4H+ + 4e-

Overall cell reaction: 2H2 + O2

2H2O
2H2O

Illustration 3.4: Phosphoric Acid Fuel Cell

The advantages of a PAFC include the fact that at 200oc they permit 1.5% concentration
of CO and a high efficiency in the cogeneration mode.The disadvantage of this fuel cell is that
13

the formation of CO near electrode can poison the fuel cell. Efficiancy is 40-50%, but this can be
raised to 80% if the waste heat is reused in a cogeneration system. These cells are used as
stationary power supplies, and provide up to 200 kW of power.
3.2.5 Molten Carbonate Fuel Cell (MCFC)
MCFC operate at 650oc and use a molten mixture of carbonate salts as the electrolyte.
The lithium carbonate and potassium carbonate (or) lithium carbonate and sodium carbonate are
the popular ones. At the operating temperature, these salts melt and become conductive to
carbonate ions( co3-2). These ions flow from cathode to anode, and combine with hydrogen to
produce water, carbon dioxide and electrons. These generated electrons move to the cathode
through an external circuit, by generating electrons and heat.(11)
At anode:

CO3-2 + H2

At cathode: CO2 + ½ O2 + 2e-

H2O + CO2 + 2eCO3-2

Overall cell reaction : H2(g) + ½ O2(g) + CO2(cathode)

Illustration 3.5: Molten Carbonate Fuel Cell
14

H2O + CO2(anode)

Efficiency is around 60% and it can be raised to 80% if the waste heat is utilized in a
cogeneration system.The advantages of the MCFC include the ability to use standard materials
for its construction, such as stain less steel, let to use of nickel based catalysts, and the by
product heat can be used to generate high pressure steamfor industrial and commercial
applications. (11) A few disadvantages are, that the electrolyte can cause electrode corrosion, and
because of high temperature conditions, the MCFC respond slowly to changing power demands.
These fuel cells found applications in natural gas and coal based powerplants for electrical usage,
industrial, and military purposes. (11)
3.2.6 Solid Oxide Fuel Cell
Solid Oxide Fuel Cells are the highest temperature fuel cells which operate at
temperature ranges from 600oC to 1000oC. (11) A mixture of zirconium oxide and calcium oxide
form a crystal lattice, even other oxide combination have also used as electrolytes. The solid
electrolyte is coated on both sides with porous electrode materials.

Illustration 3.6: Tubular Solid Oxide Fuel Cell
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At the cathode, oxygen molecules from the air are split into oxygen ions and four
additional electrons. Oxygen ions are passed through elctrolyte and combine with hydrogen at
the anode, releasing four elctrons. These electrons travel through an external circuit providing
elctric power and by-product heat. (11)
At anode: 2H2 + 2O-2
At cathode: O2 + 4e-

2H2O + 4e2O-2

Overall cell reaction: 2H2 + O2

2H2O

Illustration 3.7: Solid Oxide Fuel Cell

The efficiancy is up to 60%. The advantage of this fuel cell is it can tolerate relatively
impure fuels. Its disadvantages are similar to MCFC. These fuel cells found applications in large,
stationary power plants,

and industrial purposes

temperatures.
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Chapter 4. Theoretical Background

4.1

Crystallography
The power of crystallography is such that its results are used in almost all areas of the

physical and biological sciences; scientists need to know the language of crystallography to
understand the crystal’s literature.
4.1.1 Crystal structure
Crystals are constructed from repeated arrangements of atoms. (15) Crystalline structures
can be described as a set of “identical boxes” stacked in 3D; the content of each box is identical.
4.1.2 Lattice
A crystal’s ordered structure is suitably described in terms of a crystal lattice, a geometric
arrangement of crystal lattice points, in which we choose one lattice point at the same location
within each of the basic units of the crystal.

(12)

A 2-dimensional lattice can be seen in the

Illustration 4.1.

Illustration 4.1: 2-Dimensional lattice
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A two-dimensional lattice is represented by two vectors, a and b. Every point on the
lattice can be reached by a lattice vector of the form
r = u.a +v.b

(3.1)

The set of point’s r for all integers of u and v defines a lattice.
4.1.3 Basis
The basis is the building block of the atoms. The crystal structure consists of the same
group of atoms; this group of atoms is referred to as the basis. (6)
4.1.4 Unit cell
The crystal structure of a material is often discussed in terms of its unit cell. The unit cell
is a regular arrangement of atoms in three dimensional spaces. The unit cell is given by its lattice
parameters, the length of the cell edges, and the angles between them, while the positions of the
atoms inside the unit cell are described by the set of position coordinates (xi,yi,zi) measured from
a lattice point. (22)
The smallest unit of a crystal structure has sides parallel to the crystal axes, and its exact
repetition in three dimensions along these axes generates the space lattice of a given crystal.
4.1.5 Crystal symmetry
Symmetry plays a crucial role in crystallography, governing the way in which atoms and
molecules are arranged within a unit cell and repeating unit cells within a crystal. Under certain
operations, the crystal structure remains unchanged. For example, rotating the crystal 180
degrees about a certain axis may result in an atomic configuration that is identical to the original
configuration. (23) The crystal is then said to have a two- fold rotational symmetry about this axis.
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In addition to rotational symmetries like this, a crystal may have symmetries in the form of
mirror planes and translational symmetries, and also the so-called compound symmetries, which
are a combination of translation and rotation/mirror symmetries. A full crystal classification is
achieved when all of these inherent symmetries are identified. (23)
The lattice symmetry will determine the angular relationships between crystal faces. The
array can be reproduced by specifying the distance and angle to move from point to point.

Illustration 4.2: Translational symmetry

4.1.6 Space groups
The space group (or crystallographic group) of a crystal is a description of the symmetry
of the crystal and can have one of 230 types.

(24)

The space groups in three dimensions are made

from combinations of the 32 crystallographic point groups with the 14 Bravais lattices which
belong to one of 7 lattice systems. This results in a space group being some combination of the
translational symmetry of a unit cell including lattice centering, the point group symmetry
operations of reflection, rotation and improper rotation, and the screw axis and glide plane
symmetry operations. The combination of all these symmetry operations results in a total of 230
unique space groups describing all possible crystal symmetries. The elements of the space group
fixing a point of space are rotations, reflections, the identity element, and improper rotations.
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4.1.7 Point groups
The crystallographic point group or crystal class is the mathematical group comprising
the symmetry operations that leave at least one point unmoved and that leave the appearance of
the crystal structure unchanged. These symmetry operations include reflection, which reflects the
structure across a reflection plane; rotation, which rotates the structure a specified portion of a
circle about a rotation axis; inversion, which changes the sign of the coordinates of each point
with respect to a center of symmetry or inversion point; and improper rotation, which consists of
a rotation about an axis followed by an inversion. (25)
4.1.8 Crystal systems
Crystals are classified into seven basic systems depending upon their lattice parameters.
Each crystal system consists of a set of three axes in a particular geometrical arrangement. There
are seven unique crystal systems. If the atoms are placed at corners, seven crystal systems give
seven lattices. But few more lattices can be constructed by placing atoms at face center, body
center, etc., Bravais showed that 14 types of such lattices exists, hence the name Bravais space
lattices. Each crystal system differs from the other in lattice parameters. The simplest and most
symmetric, the cubic (or isometric) system, has the symmetry of a cube; that is, its three axes are
mutually perpendicular and of equal length. The other six systems, in order of decreasing
symmetry, are hexagonal, tetragonal, rhombohedral (also known as trigonal), orthorhombic,
monoclinic, and triclinic. The crystal system and Bravais lattice of a crystal describe the (purely)
translational symmetry of the crystal. The distribution of the 14 Bravais lattice types into seven
lattice systems is given in the table 4.1. (25)
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Table 4.1: Seven lattice systems and 14 Bravais lattice

The 7 lattice systems

The 14 Bravais Lattices

Triclinic (parallelepiped)

Simple

centered

Simple

base-centered body-centered face-centered

Simple

body-centered

monoclinic

orthorhombic (cuboids)

tetragonal (square cuboids)

rhombohedra
(trigonal trapezohedron)
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hexagonal (centered regular hexagon)

Simple

body-centered face-centered

cubic
(isometric; cube)

4.1.9 Miller Indices
Miller Indices are symbolic vector oriented representation of an atomic plane in a crystal
lattice. Rules for Miller Indices are (26)


Determine the intercepts of the face along the crystallographic axes, in terms of unit cell
dimensions.

4.2



Take the reciprocals.



Clear fractions.



Reduce to lowest terms.

Bragg condition
In 1913, English physicists Sir W.H. Bragg and his son Sir W.L. Bragg explained why

the cleavage faces of crystals appear to reflect X-ray beams at certain angles of incidence.

(27)

When x-rays are scattered from a crystal lattice, scattered intensity peaks are observed which
correspond to the following conditions:

1. The angle of incidence = angle of scattering.
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2. The path difference between parallel planes (d) is equal to an integer number of
wavelengths.

It was proposed that the incident X-ray radiation would produce a Bragg peak if their
reflections from the various planes interfered constructively. The interference is constructive
when the phase shift is a multiple of 2π; this condition can be expressed by Bragg's law:
nλ = 2d sinθ

(4.2)

where n is an integer, λ is the wavelength of incident wave, d is the spacing between the
planes in the atomic lattice, and θ is the angle between the incident ray and the scattering planes.
The geometrical representation of Bragg’s law can be seen in Illustration 4.2.

Illustration 4.3: Geometrical representation of Bragg’s law.
4.3

X-ray Diffraction
X-ray diffraction provides a powerful tool to study the structure and composition of the

materials, which is a key requirement for understanding materials properties. X-ray diffraction is
based on constructive interference of monochromatic X-rays from a crystalline sample.
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(13)

To

produce a constructive interference, the interaction of the incident rays with the sample must
satisfy Bragg’s Law. These diffracted X-rays from the sample are then detected, processed, and
counted. To interpret the data, indices (h k l) are assigned for each diffracted X-ray to know the
position. This pattern has a reciprocal Fourier transform relationship to the crystalline lattice and
the unit cell in real space. After the structure is solved, it is further refined using least-square
technique. To determine the crystal structure, we commonly use two different techniques called
single X-ray diffraction and X-ray powder diffraction. These two techniques are mainly differed
by the availability of samples.
4.3.1 Single Crystal X-ray Diffraction
Single crystal X-ray diffraction is a non-destructive analytical technique which provides
detailed information about the internal lattice of crystalline substances, such as unit cell
dimensions, bond lengths, bond angles, and details of site ordering. (13) The single crystal sample
is a perfect crystal (all unit cells aligned in a perfect extended pattern) with a cross section about
0.3 mm. Molybdenum is the most common target material for single crystal diffraction. Single
crystal diffractometers use either 3-or 4-circle goniometers. These circles refer to the four angles
(2θ, χ, Φ, and Ω) that define the relationship between the crystal lattice, the incident ray, and the
detector. Modern single crystal diffractometers use CCD (charge-coupled device) technology to
transform the X-ray photons into an electrical signal which are then sent to a computer for
processing. The data generated from the X-ray analysis is interpreted and refined to obtain the
crystal structure. The sample requirements for this technique are that the sample must be single,
stable, generally between 50-250 microns in size, and optically clear. It is difficult to handle
twinned samples. Data collection takes time between 24 to 72 hours.
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4.3.2 X-ray powder diffraction
X-ray powder diffraction (XRD) is an instrumental technique used to identify minerals
and other crystalline materials. All fields of science and technology use it wisely. XRD has
proven particularly useful for identifying fine-grained minerals and mixtures or intergrowths of
minerals, which may not lend themselves to analyze by other technique. If the sample is a
mixture, XRD data can be analyzed to determine the proportion of the different minerals present.
In 1916, Debye and Scherrer were the first to observe the X-ray powder diffraction from
LiF powder, and they succeeded in solving its crystal structure. Later, Hull suggested, and
Hanawalt, Rinn, and Frevel formalized the approach to identify crystalline substances based on
their powder diffraction patterns. (14) After the introduction of the Rietveld refinement method of
crystal structures in 1967, interest in powder methods increased dramatically. In the early days,
powder diffraction data were recorded on X-ray film by a variety of cameras. Cameras for X-ray
powder diffraction are relatively simple, but optically precise, and required a dark room for
loading and developing X-ray film. The typical time to register one powder diffraction pattern on
film is from 1 to 3 hours depending on the radius of the camera, the crystallinity of the specimen
and sensitivity of the film. (14)
A powder diffractometer- a sophisticated analytical instrument gives fully digitized
experimental data in the form of diffracted intensity as a numerical function of Bragg’s angle.
This usually provides accurate information when coupled with Rietveld analysis, in which subtle
anomalies of Bragg peak shapes are used in addition to the integrated intensities of Bragg
reflections to extract important information about structural details. (14)
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It is important to have a sample with a smooth plane surface. If possible, we normally
grind the sample down to particles of about 0.002-0.005 mm cross section. The ideal sample is
homogeneous with randomly distributed crystallites. The sample is pressed into a sample holder
to have a smooth flat surface. If such a sample is placed in the path of a monochromatic X-ray
beam of wavelength range 0.1-5Ǻ, diffraction will occur from crystal planes, satisfying the
Bragg condition. The lattice spacing in the crystal will give rise to a cone of diffraction as shown
in Illustration 4.4. In fact, each cone consists of a set of closely spaced dots representing
diffraction from a single crystallite within the powder sample. The diffracted beam makes an
angle of 2θ with the incident beam.

Illustration 4.4: Cone shaped reflections from powder diffraction

In powder diffraction application we make use of three characteristics (28):
(1) Peak position is used for unit-cell determination and refinement; identification of phases;
indexing of patterns and space group determination.
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(2) Peak intensity is used for quantification or phase abundance, structure determination,
refinement of crystal structures by Reitveld refinement, identification of phases by
search-match methods, and texture analysis.
(3) Width and shape are used for microstructure analysis.
4.3.3 Structure Determination
Acceptable resolution and peak precision are crucial in the three principal stages involved
in the crystal structure determination from powder data (16):
1) Determination of lattice constants and use of systematic absences to give space group
information.
2) Extraction of structure factor magnitudes for solving the phase problem and elaborating a
structure model, and
3) Refinement of structural parameters, such as atomic coordinates to give the best fit to the
observed data.
4.3.4 Data Interpretation
The data recorded in the detector is the X-ray intensity in counts per second. Plotting
intensity against angle of X-ray incidence produces a series of peaks. These diffraction peaks
correspond to d-spacing and can be converted using the Bragg equation.
The data is to be indexed by assigning miller indices to peaks. This is done by computing
the Bragg’s angle of the diffraction pattern and comparing with the Bragg angles of established
crystal systems. When a sample’s crystal system is known, indexing is easier for high symmetry
systems and more tedious for low symmetry systems. For high symmetry systems, the sin 2θ term
follows as:
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Cubic:

sin2θhkl = λ2/4a2 (h2+k2+l2)

Tetragonal:

sin2θhkl = λ2/4a2 (h2+k2) + λ2/4c2 (l2)

Hexagonal:

sin2θhkl = λ2/3a2 (h2+hk+k2) + λ2/4c2 (l2)

Orthorhombic:

sin2θhkl = λ2/4a2 (h2) + λ2/4b2 (k2) +λ2/4c2 (l2)

For the other crystal systems, the equations are more complicated, so they are
usually done by computer software called ‘auto indexing’.
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Chapter 5: Experimental Procedure

5.1

Sample preparation
KDP crystals are grown by slow evaporation method, the most successful method used

for more than 100 compounds. In this method crystals are resulted from an aqueous solution
prepared by mixing H3PO4 and K2CO3 solvents.

The sample crystals are well grounded

mechanically into a powder in a mortar and pestle (Figure 5.1). This creates a uniform particle
size and make sure that all necessary crystallite phases are present. This sample powder placed
in a sample holder of X-ray diffractometer.

Figure 5.1: Mortar, pestle and KH2PO4 powder

5.2

Apparatus
The Siemens D-5000 X-ray diffractometer (Figure 5.2) measures atomic spacing in

crystals based on diffraction technique under ambient pressure calculations. This diffractometer
system contains a chiller to control the temperature, Diffrac Plus software, and a PC to collect
the data. The samples get illuminated by monochromatic CuKα X-rays of wavelength λ = 1.5418
29

Ao, which is focused by a Ge crystal primary monochromator. In order to produce more
monochromatic beam of x-rays, any Kβ radiation coming from the x-ray tube can be removed by
a Ni filter in the beam path.

Figure 5.2: Siemens D-5000 diffractometer.
The diffractometer has a large goniometer (600nm diameter), which supports the sample
and detector, allowing angular movement ranging from 20o to 60o (Illustration 5.1). Goniometer
has 4 different circles of rotation, whose axes intercept at a point called eucentric, where the
surface of sample, beam, and detector axes coincides (29). A Paar HTK high-temperature chamber
can be used to vary the temperature range from room temperature to 1000oC during the XRD
data collection.
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Illustration 5.1: Diffraction geometry.
5.3

Methodology
A few steps are needed to run the diffractometer properly.
1) A steady gas flow of 90% argon and 10% methane should run through the scintillation
counter detector.
2) A steady water flow at 17 oC must flow through the x-ray tube’s refrigeration system in
order to prevent the x-ray tube from overheating.
3) The chiller must be turned on 5-10 minutes before and 30 minutes after operating the
XRD machine at a pressure of 60-80 psi and a temperature of approximately 18 oC. The
detector’s manual controls should be turned on by following manual instructions and set
Table 5.1: Current and voltage instructions to run XRD
Voltage in detector’s manual control

≈ 3.6kV

X-ray tube’s voltage

>30 kV

X-ray tube’s current

>10mA

X-ray source voltage

20kV

X-ray source current

5mA
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The “Diffrac Plus” software is used to run the XRD measurements. The sample is
mounted in place, and the door is closed. Using Diffrac Plus, we input values for starting angle,
stopping angle, step size, time/step, scan type, and scan mode. This is done by using a parameter
file created previously. After reading instructions from the file, the system will start taking
measurements. The Diffrac Plus software used for acquisition and reduction of quantitative
elemental data. EVA, a graphic program used to match and identify the elements and compounds
of the sample with the search/match option. The information for graphs is saved in a file with
“.raw” extension. The “ConvX” software is used to convert “.raw” file to “.dat” to access in
“WinPlotR/FullProf”, a peak fitting software, where the diffraction data is analyzed. FullProf
performs LeBail analysis. It allows users to change the variables for lattice parameters, reflection
intensities, and peak profiles for received data inorder to fit this recieved data with the calculated
data- a parameter file with the original crystal structure variables. Figures 5.3 and 5.4 shows the
parameter files for observed data, which is modified to fit with the calculated data for KDP at
room temperature.
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Figure 5.3: Parameter file for KDP at room temperature.

Figure 5.4: Parameter file for KDP at room temperature.
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Figure 5.3 shows information for variables such as peak profile parameters, background
points from instrument. These variables affect the peaks shape. When these variables are not well
fixed, a good peak position is produced with a bad fit. Chi2 value which tells how well the
observed data match with the calculated one. The value of 1 for Chi2 gives a perfect match.
Figure 5.4 shows information for lattice parameters to be matched with the theory. If
these parameters are off, then the graph produces a good profile fit with wrong peak position.
When both the peak profiles and peak positions are matched then the graph produces an
excellent fit as in figure 5.5. The red circles represents the observed data, and black lines
represnts the calculated data. The green tick mark indicates the position of expected Bragg peaks.
The blue line is the difference between observed and calculated data. This proved that a
tetragonal I-42d KDP phase with lattice parameters a=7.460Å and c=6.982Å is present at room
temperature.

Figure 5.5: The best available fit for KDP at room temperature.
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The powder diffraction experiment at different temperatures ranging from room
temperature to 250°C held at the National Synchrotron Light Source (NSLS), Brookhaven
National Laboratory using the X7B beamline, using x rays of wavelength 0.922Å selected by a
double flat-crystal monochromator. A Mar345 flat-plate detector is used in the transmission
geometry to detect the diffracted beam. Images were collected upon heating KDP polycrystals in
15°C steps from room temperature to 250°C. An exposure time of 45 s was used at each
temperature. The final images are processed into intensity vs. diffraction angle (2) patterns by
integrating over the projections of the Debye-Scherrer cones onto the flat detector using the
FIT2D software.
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Chapter 6: Results and Discussions

This chapter will address the results obtained from phosphate based solid acids at room
and elevated temperatures and also discusses some of the reasons for the superprotonic behavior
in some solid acids and why not in others.
6.1

KH2PO4 (KDP)
The XRD data is taken for KDP sample in the 70oC to 235oC temperature range. Figure

6.1 shows laterally and vertically shifted eleven data patterns of KDP for 2 range from 7.5°20.5°.

10000

KH2PO4

Intensity (arb. units)

8000

6000

o

o

70 C < T < 235 C

4000

2000

8

12

16

20

tth (deg.)

Figure 6.1: XRD patterns of KDP upon heating from 70°C to 235°C in 15°C steps. The data
indicate that a structural transition occurs at about 190°C.
From the figure, one can understands that the tetragonal (I-42d) KDP phase is the only
phase present until 190oC (with vertical bars for Bragg reflections), above which new strong
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peaks appear indicates that a transition to a lower-symmetry structure. The room temperature
phase completely vanishes at 205oC. Continue heating to 235oC does not show any major
modifications in the structure. The absence of peaks around 250oC is because of sample melting
and chemical decomposition. To know the sample structure at 205oC, we indexes the peak
positions with a monoclinic unit cell with spacegroup P21/m and lattice parameters a=7.579 Ǻ,
b=6.219 Ǻ, c=4.548 Ǻ, and β=106.67o. For indexing we use FULLPROF program. To confirm
this structure, we process Rietveld refinements against the powder XRD pattern. We use General
Structure Analysis System (GSAS) to finish the job. The above mentioned lattice parameters,
space group, and the initial position of non-hydrogen atoms are the starting parameters for the
Rietveld analysis. The Rietveld analysis allows us to adjust the unit cell parameters, peak
profiles, atom positions, and Debye-Waller thermal parameters in order to match with the data.
Figure 6.2 shows the results of this analysis, where the empty symbols shows the XRD data
collected at 205oC, the solid line is the best Rietveld fit, and the vertical bars are the Bragg
reflection markers. The lower trace is the difference between the calculated and observed data.
The inset shows the non-hydrohen atoms in the crystal structure of monoclinic KDP, including
the PO4 tetrahedra and the K ions (light spheres).
8000
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T = 205 C

Intensity (arb. units)

6000

4000
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20

Figure 6.2: Structural refinement of the monoclinic KDP phase.
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We enforce soft constraints on P-O bond lengths and O-P-O bond angles in the PO4
tetrahedra in order to eliminate the errors occurs with limited 2θ range over which data collected.
Finally, we receive a whole pattern residual Rwp= 4.22% for 15 independent PO4 tetrahedra
parameters, which yields the non-hydrogen atom fractional coordinates as shown in table1. The
corresponding monoclinic KDP crystal structure is shown in the insert of figure 6.2.
Table 6.1: Fractional atomic coordinates for a monoclinic KDP phase. Numbers in the
parenthesis are statistically estimated standard deviations from Rietveld fit.
Atom

X

Y

Z

Multiplicity Wyckoff
letter

Occupancy

K

0.2338(5)

0.25

0.06928(3)

2

e

1

P

0.2370(1)

0.75

0.5293(1)

2

e

1

O(1)

0.3965(2)

0.75

0.5022(1)

2

e

1

O(2)

0.3220(1)

0.75

0.8447(1)

2

e

1

O(3)

0.1266(1) 0.5540(1) 0.4178(1)

4

e

1

The new monoclinic KDP phase remains stable up to 235oC. Further heating under
ambient pressure and humidity conditions yields thermal decomposition and melting in the
monoclinic KDP phase through the reaction (32)
KH2PO4

KPO3 +H2O

KDP samples do not show a phase transition even under high pressure (≈1 GPa) and high
temperatures above 250oC. This confirms that none of the high temperature solid phases of KDP
shows superprotonic behavior. Ion-size effects could be the reason for absence of superprotonic
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conductivity in KDP. Since the phosphates for which the cation radii are smaller than that of K,
such as in NaH2PO4 (or) LiH2PO4 are reported not to exhibit the superprotonic behavior. The
smaller K cation could be not able to construct the required framework (cubic Pm3m) to have the
superprotonic behavior.
The experiments on other fully hydrogen bonded solid acids such as CDP (CsH2PO4) and
RDP (RbH2PO4) showing some interesting results.
6.2

CsH2PO4 (CDP)
CDP monocrystals are prepared by slow evaporation method from an aqueous solution

prepared by mixing H3PO4 and Cs2CO3. At room temperature and under ambient pressure
conditions, CDP samples shows a monoclinic phase with space group P21/m and lattice
parameters a= 7.90 Ǻ, b= 6.39 Ǻ, c= 4.87 Ǻ and β= 107.64o. Further heating the samples to
232oC results no major changes in the structure.(35) From Figure 6.3 we can observe that at 237oC
the peak pattern suddenly changes to a high symmetry cubic phase with space group Pm3m and
lattice parameter a= 4.96 Ǻ. To verify the transition to cubic phase, Rietveld refinements are
carried out against the T= 237oC XRD data using the GSAS. After removing constraints the final
whole pattern residual Rwp= 3.10 %. (35) The results of this analysis are shown in Figure 6.4. The
empty symbols show the scattered intensity as a function of the diffraction angle 2θ, while the
solid line shows the calculated data. The lower trace is the difference between the observed and
calculated data and the vertical bars are the Bragg reflection markers. The inset shows one of the
six possible orientations of the PO4 tetrahedral and the corresponding hydrogen-bond network
(dashed lines). The Cs atoms are discarded for clarity.
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Figure 6.3: LeBail fits to synchrotron x-ray powder diffraction patterns from CDP measured at
different temperatures under ambient pressure conditions. (35)

Figure 6.4: Rietveld refinement of the high-temperature cubic CDP phase. (35)
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The time resolved X-ray powder diffraction pattern of CDP is measured under ambient
pressure and humidity at 237oC temperature which can be seen in Figure 6.5.

(35)

Table 2 shows

the fractional atomic coordinates and thermal parameters of the CDP phase at high temperature.
Numbers in the parenthesis are statistical estimated standard deviations from the Rietveld fit.
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Figure 6.5: Time-resolved synchrotron x-ray powder diffraction patterns of CDP measured at
T=237 °C under ambient pressure. (35)

The cubic phase peak patterns are observed short lived (≈ 15 minutes). Preisinger et al
came up with an explanation that, the chemical decomposition and dehydration are responsible
for the short life of cubic phase. According to them, CDP is partially decomposed into
Cs2H2P2O7 through the following reaction
2 CsH2PO4

Cs2H2P2O7 + 2H2O
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Table 6.2: Fractional atomic coordinates and thermal parameters of the CDP phase at high
Temperature (35)
Fractional coordinates and thermal parameters
Atom

X

Y

Z

Multiplicity

Cs

0

0

0

1

Wyckoff
letter
a

P

0.5

0.5

0.5

1

O

0.5 0.2299(14) 0.3724(23)
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Occupancy

Uiso

1

0.1116(14)

b

1

0.1116(14)

l

0.1667

0.1116(14)

To clear the suspense on superprotonic behavior of CDP, Boysen et al carried proton
conductivity measurements under high pressure (≈ 1GPa) to suppress the dehydration process in
samples. They observed a magnitude of three order jump in proton conductivity at 260oC
temperature. The cubic phase is observed in the 255-275 oC temperature range, and is remained
stable upon further heating to 300 oC. This evidence confirms that the proton conductivity
enhancement in CDP at high temperatures is due to structural phase transition, not due to
chemical decomposition and dehydration.
6.3

RbH2PO4 (RDP)
RDP crystals are prepared by slowly precipitating the Rb2CO3 and H3PO4 solutions

mixed with methanol vapors. At room temperatures, RDP shows tetragonal phase with space
group I-42d, lattice parameters a= 7.607 Ǻ, c= 7.292 Ǻ. From Figure 6.6, peak positions tells us
that the room temperature tetragonal phase exist till 80 oC. Above 90 oC the peaks intensity
decreases and new peaks appears. (36)
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Figure 6.6: The temperature-resolved XRD data collected upon heating RDP sample in 10oC
steps from 60oC-140oC. (36)
A complete transformation to a monoclinic phase with space group P21/m, unit cell
parameters a= 7.694 Ǻ, b= 6.199 Ǻ, c= 4.774 Ǻ,and β= 109.02o happens around 130oC. Further
heating up to 200oC results no change in the XRD pattern. The LeBail fits of both the phases are
shown in Figure 6.7. (36)
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Figure 6.7: LeBail fits of x-ray powder diffraction patterns measured at a) 30oC and b) 150oC. (36)
The Rietveld refinements are carried at 150oC and the final whole pattern residual
Rwp=7.6%. The figure 6.8 shows the Rietveld refinements for RDP samples at 150oC. The
numerical results of the refinement such as fractional coordinates of the non-hydrogen atoms and
their thermal parameters are shown in table 6.3.
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Figure 6.8: Rietveld refinements for monoclinic RDP at 150oC. The insert shows the Rietveld
refined positions of the non-hydrogen atoms. (36)
Table 6.3: Fractional atomic coordinates and thermal parameters of monoclinic RDP phase.(36)

Fractional coordinates and thermal parameters
Atom

X

Y

Z

Multiplicity Wyckoff letter Occupancy

Uiso

Rb

0.2623(6)

0.25

0.0604(8)

2

e

1

0.0377(23)

P

0.2456(17)

0.75

0.5319(25)

2

e

1

0.0377(23)

O(1)

0.4156(26)

0.75

0.4132(33)

2

e

1

0.0377(23)

O(2)

0.3451(23)

0.75

0.8736(44)

2

e

1

0.0377(23)

O(3)

0.1289(35) 0.5482(51)

0.4203(42)

2

f

1

0.0377(23)

For further investigation to find the RDP structure at high temperatures, sample is heated
up to 240oC under ambient pressure conditions. These results show that monoclinic RDP phase
is stable when we heat up to 200oC. Figure 6.9 shows the XRD pattern collected for RDP at five
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different temperatures in the 200 oC -240 oC interval. The new peaks observed at high
temperature are indexed and confirmed that of di-rubidium di-hydrogen pyrophosphate (Rb2H2P2
O7), which is resulted due to dehydration and partial decomposition via the reaction
2RbH2PO4

Rb2H2P2O7+H2O

Figure 6.9: Temp-resolved XRD pattern for RDP measured within the 200-240oC interval. (36)
Experiments under high pressure (or) saturated water vapor environment are confirmed
that the new transition phase of RDP is cubic with space group Pm3m at high temperatures.

46

Chapter 7: Summary

What is clear from these obtained results is that the KH2PO4 solid phases are not showing
the superprotonic conductivity at high temperatures. It is also noted that the monoclic phase of
KDP at intermediate temperature is isomorphic to that of the monoclinic phase of RDP at
intermediate temperature and monoclinic phase of CDP at room temperature. Table 7.1 explains
the comparison between the monoclinic structures of KDP, RDP, and CDP.
It is clear at atmospheric pressure, all MH2PO4-type compounds dehydrate at high
temperatures. Their dehydration reaction is,
MH2PO4

MPO3 + H2O

According to some other author’s suggestions, the dehydration reaction precludes the
superprotonic phase transition at high temperatures. Contrary to their suggestions, what does
seem to preclude the superprotonic phase transition in some MH2PO4-type compounds is the
cation size. While large cation sized MH2PO4 compounds (M=Rb, Cs) upon heating shows a
superprotonic phase transition before melting, smaller cation sized MH2PO4 compounds (M=K,
Na, Li) simply melt.
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Table 7.1: The comparison between the monoclinic structures of KDP, RDP, and CDP. (35, 36)

RDP

CDP

KDP

Unit Cell
Space group

P21/m

P21/m

P21/m

a (Ǻ)

7.868 (6)

7.912 (2)

b (Ǻ)

6.299 (5)

6.383 (1)

6.209 (5)

c (Ǻ)

4.871 (4)

4.8802 (8)

4.530 (5)

β (deg)

109.15 (3)

107.73 (2)

107.36 (5)

7.590 (2)

Phosphate group tetrahedral bond distances and angles
P—O (1) (Ǻ)

1.622 (19)

1.565 (6)

1.253 (14)

P—O (2) (Ǻ)

1.590 (18)

1.481 (5)

1.381 (19)

P—O (3) (Ǻ)

1.558 (7)

1.529 (4)

1.479 (2)

O (1)—P—O (2) (deg)

101.1 (9)

107.0 (3)

96.2 (4)

O (1)—P—O (3) (deg)

109.6 (6)

106.1 (2)

115.6 (1)

O (2)—P—O (3) (deg)

113.4 (6)

113.6 (2)

113.3 (1)

O (3)—P—O (3) (deg)

109.4 (7)

109.9 (2)

110.8 (1)
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